University of Kentucky

UKnowledge
Theses and Dissertations--Biosystems and
Agricultural Engineering

Biosystems and Agricultural Engineering

2023

Nanopesticide Influence on Nitrogen Cycling in Soils
Jacob Richardson
University of Kentucky, richardson.jacob@uky.edu
Digital Object Identifier: https://doi.org/10.13023/etd.2023.010

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Richardson, Jacob, "Nanopesticide Influence on Nitrogen Cycling in Soils" (2023). Theses and
Dissertations--Biosystems and Agricultural Engineering. 95.
https://uknowledge.uky.edu/bae_etds/95

This Master's Thesis is brought to you for free and open access by the Biosystems and Agricultural Engineering at
UKnowledge. It has been accepted for inclusion in Theses and Dissertations--Biosystems and Agricultural
Engineering by an authorized administrator of UKnowledge. For more information, please contact
UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained needed written permission statement(s)
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing
electronic distribution (if such use is not permitted by the fair use doctrine) which will be
submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and
royalty-free license to archive and make accessible my work in whole or in part in all forms of
media, now or hereafter known. I agree that the document mentioned above may be made
available immediately for worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s thesis including all
changes required by the advisory committee. The undersigned agree to abide by the statements
above.
Jacob Richardson, Student
Dr. Tiffany L. Messer, Major Professor
Dr. Michael P. Sama, Director of Graduate Studies

NANOPESTICIDE INFLUENCE ON NITROGEN CYCLING IN SOILS

________________________________________
THESIS
________________________________________
A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Biosystems and Agricultural Engineering in the College of Agriculture, Food and
Environment at the University of Kentucky

By
Jacob Logan Richardson
Lexington, Kentucky
Director: Dr. Michael P. Sama, Associate Professor of Biosystems and Agricultural
Engineering
Lexington, Kentucky
2022

Copyright © Jacob Logan Richardson 2022

ABSTRACT OF THESIS
NANOPESTICIDE INFLUENCE ON NITROGEN CYCLING IN SOILS
Nanotechnology has several applications in the agricultural industry, as the small size of
nanoparticles and high reactivity enables targeted delivery of pesticides and fertilizers to
the intended crop. Copper-based nanopesticides such as Kocide, are proposed as a more
efficient method for targeted pest control. Despite the potential benefits of nanopesticides,
little is known regarding the transport and implications of nanopesticides under long-term
inundation conditions often found in downstream wetlands. Specifically, the impact of
nanopesticides on microbial nitrogen processes in wetland environments remains
unknown. Therefore, this thesis explores the impact of nanopesticides, specifically Kocide,
on microbial nitrogen cycles in agricultural and wetland soils found in Central Kentucky.
Implications to the nitrogen cycle following Kocide exposure were assessed using soil
microcosms. The study assessed nitrification, denitrification, runoff, and greenhouse gas
production processes following the addition of Kocide at three application rates (1X, 5X,
15X) and monitored over 10 weeks within the same soil system. Further, long-term effects
to the nitrogen cycle were also assessed with recurring Kocide enrichments. Significant
differences were observed between both application rates and short-term incubation
sampling times for both nitrification and denitrification at different levels (α = 0.05).
General trends indicated inhibited nitrogen processes over the long term. Findings provide
guidance for application methods for current producers and assessment for fate and
transport of these pesticides for environmental conservationists and regulatory agencies.
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CHAPTER 1. LITERATURE REVIEW
1.1

Pesticides, Human Health, and Implications to Ecosystems.

Pesticides have been traditionally developed for use in controlling pests and diseases to
plant growth (Rajmohan et al., 2020). However, excessive and accidental exposures to
pesticides lead to millions of unintended pesticide poisonings each year (Alavanja, 2009).
Further, an estimated 50 million people obtain their drinking water from potentially
pesticide contaminated sources (Alavanja, 2009). The actual human health effects of
exposure to pesticides varies, but overexposure and serious consequences such as various
forms of cancers or death have been reported (Alavanja & Bonner, 2012). A few notable
examples include higher rates of non-Hodgkins lymphoma (Spinelli et al., 2007), prostate
cancer (Multigner et al., 2010), and colon cancer (Lee et al., 2007) following decades of
pesticide exposures in drinking water. Further, pesticides also have impacts on
agroecosystems through contributing to the evolution of pesticide resistant pests (Singh et
al., 2011) and reducing natural predators of the pests (Raza et al., 2019). Specifically,
studies conducted in the Appalachian regions of the United States have reported the
neonicotinoid imidacloprid and similar compounds in 50% of sites evaluated (Bradley et
al., 2021), indicating pesticides, even in less agriculturally intensive regions are entering
water resources.
1.2

Nanopesticide Development and Use

Recently, nanopesticides have been developed to provide more efficient and targeted
delivery of pest control as a direct response to excess uses of pest control (Chhipa, 2017).
Nanopesticide development has intensified in recent years and include particles ranging
between 1 and 100 nm in diameter (Chhipa, 2017). Nanopesticides are known to limit the
bioavailability of insecticides (e.g., thiacloprid) by increasing absorption (Zhang et al.,
2019). These effects could prolong the ability of insecticides to contact unintended
organisms but may also result in unintended consequences related to microbiallymediated ecosystem functions. Although techniques have been created to establish
toxicity levels, impacts of nanopesticides to the natural environment and consumers
remains limited due to their recent emergence (Kah et al., 2021). For example, copper
based nanopesticides taken up into biomass can result in human exposure, even after
water rinsing (Keller et al., 2018). Further, charge reversal of soil clay particles following
application of nanopesticides is another potential implication leading to nutrient loss and
desorption of metals (Tiwari et al., 2020). However, more research is needed to elucidate
the implications of nanopesticides on soil charge, fate and transport, and ecosystem
exposures more holistically.
Another improvement upon nanopesticides as opposed to their traditional counterparts is
nano-delivery systems such as encapsulation of nanomaterials (Sampathkumar et al.,
2020). These forms of encapsulation tend to be polymer or biopolymer based and are
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utilized for bioavailability and release control (Sampathkumar et al., 2020; Sinha et al.,
2019). Some products, such as Kocide 3000, are already utilizing these technologies on
the market (Sampathkumar et al., 2020). However, concerns have arisen over the
persistence of engineered nanomaterials and lack of safe degradation within the
environment (Sampathkumar et al., 2020).
Kocide 3000 (DuPont, Wilmington, DE) is a pesticide containing approximately 30%
metallic copper in the form of copper hydroxide (Figure 1.1) (Strayer et al., 2016). The
first form of this pesticide was introduced in the middle 2000s as a fungicide to combat
fungi infection such as downy mildew (Audisio et al., 2006). Specific encapsulation
formulas are considered proprietary information.

Figure 1.1. Primary chemical composition of Kocide (nanopesticide) (copper (II)
hydroxide) (Royal Society of Chemistry, n.d.)
1.3

Wetlands as Nutrient and Pesticide Removal Best Management Practices

Wetlands are areas which display or contain specific features including water presence,
benthic soils, and vegetation adapted to semi-aquatic survival (Miklas Scholz, 2015).
Wetlands are defined as “those areas that are inundated or saturated by surface or ground
water at a frequency and duration sufficient to support, and that under normal
circumstances do support, a prevalence of vegetation typically adapted to life in saturated
soil conditions” (Waterways Experiment Station (U.S.) et al., 1987). Wetlands act as
water purification sites as well as nutrient and carbon sinks (Salimi et al., 2021). Overall,
wetlands provide carbon sequestration without major release of methane and net radiative
sources (Mitsch et al., 2013). Currently, the total land area of wetlands is between 5 and
8% of the terrestrial landscape of the world with carbon retention rates at 118 g-C m−2
year−1 (Mitsch et al., 2013).
Floating treatment wetlands (FTWs) are a best management practice (BMP), which
utilize a variety of physical and biological processes to provide nutrient removal and
restore water quality (B. Xu et al., 2017). FTWs consist of floating mats which provide
habitat for native hydrophytic plants and accompanying microbial communities (Winston
et al., 2012). As the integrated biomaterial grows and expands, the potential for nutrient
uptake and sedimentation increases (Winston et al., 2012). FTWs are often used to treat
both urban (Tanner & Headley, 2011) and agricultural runoff (Spangler, Sample, Fox,
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Owen, et al., 2019) into waterbodies (e.g., reservoirs, ponds, lakes). However, FTWs
have also been used to treat sewage (van de Moortel et al., 2011), effluent from animal
processing (Sooknah & Wilkie, 2004), and drinking water supply reservoirs (Garbett,
2005).
Constructed wetlands have been found to be effective in removal of pesticides.
Specifically, a team investigating the efficacy of an organophosphate insecticide
(chlorpyrifos) removal within constructed wetlands found removal rates near 97% after
96 hrs (C. Chen et al., 2022). This study utilized isotopic fractionation to identify
degradation, and consequently found significant degradation of carbon-13 isotopic values
within the chlorpyrifos and a biodegradation rate of 71.23% (C. Chen et al., 2022).
Further, vertical constructed wetlands have been reported to remove up to 96% of silverbased nanoparticles (Huang et al., 2019). This study determined most of the nanoparticles
were contained within the soil layer, primarily the upper soil layers and plant root
biomass (Huang et al., 2019).
However, a cerium nanoparticle removal of only 18% was found within a study using
constructed wetlands primarily comprised of P. australis (Hu et al., 2018). The particles
tracked within this study were also found to primarily accumulate within plant root
biomass (Hu et al., 2018). Constructed wetlands planted with Typha latifolia, Phragmites
australis, Iris pseudacorus, Juncus effusus and Berula erecta, included plant
metabolization and biodegradation as the major removal pathways for a triazole fungicide
(Tebuconazole) (Lyu et al., 2018). In contrast, repeated copper nanopesticide (Kocide)
experiments led to observed changes in microbial populations within both target
(Trifolium pratense, Chamaecrista fasciculata, Medicago sativa, Brassica napus,
Cichorium intybus, Sorghastrum nutans, and Urochloa ramosa) and non-target (wetland)
environments, with wetlands and their microbial communities being more sensitive to
nanopesticide use than targeted terrestrial agricultural species (forage crops) (Carley et
al., 2020). This experiment was conducted at a mesocosm scale in the South-Eastern
United States and included three exposures to Kocide at a concentration of 6.68 mg/L
within a time-period of 170 days (Carley et al., 2020). Another study found Kocide
exposure significantly reduced activity of beta-glucosidase and phosphatase within forage
crop species mesocosms (Trifolium pratense, Chamaecrista fasciculata, Brassica napus,
Cichorium intybus, Sorghastrum nutans, and Urochloa ramosa) over the course of a year
(Simonin et al., 2018). These mesocosms were exposed with Kocide in three events (30
mg/m2, 6.68 mg/L-DI water) over 170 days and observed for a total of 365 days
(Simonin, Colman, Tang, et al., 2018).
1.4

Degradation Pathways

It has been found the addition of copper-based nanopesticides mitigated the degradation
of neonicotinoids (specifically thiacloprid), due to the absorption of the nanopesticide
compounds (Zhang et al., 2019). Nanopesticides also have a moderate impact on the halflives of pesticides as compared to traditional counterparts (median and mean of 1.04 and
12

1.43, respectively) (Kah et al., 2018). Kocide (copper dihydroxide) has been found to
cause copper accumulation values in exposed plant biomass to be double that of control
plants after a 170-day period (Simonin, Colman, Tang, et al., 2018). However, after the
365-day period, there were no detectable differences in copper concentrations between
Kocide applied plants and controls (Simonin, Colman, Tang, et al., 2018). Within the
short-term of this study, less than 10% of Kocide was recovered within plant biomass,
indicating a large percentage of nanopesticide (Kocide) remained in soil or moved into
downstream ecosystems (Simonin, Colman, Tang, et al., 2018).
1.5

Environmental fate and transport

Although pesticides are important for agricultural production and pest control in urban
regions, they do not always remain at application sites. Therefore, fate and transport
within other environmental compartments is important to consider. Recently, a method
was developed to trace nanopesticides using fluorescent dyes and flash nanoprecipitation
(K. Chen et al., 2020). This method was proven to allow visualization of environmental
fate and environmental factors (i.e., encapsulation rate, particle size), but has been used
predominately for evaluating the presence of nanopesticides on plant leaves (K. Chen et
al., 2020). Biomass production and microorganism interactions have typically been
observed to not result in adverse effects when nanopesticides were used in field studies
using high amounts of traditional fertilizers (Simonin, Colman, Anderson, et al., 2018).
1.6

Nutrient Removal in Floating Treatment Wetlands

FTW systems are known to remove contaminants including total nitrogen (TN) and total
phosphorus (TP) (Garcia Chance et al., 2019). The removal of nutrients occurs primarily
through a combination of plant uptake, biogeochemical processes (e.g., denitrification),
and settling within the water column (Spangler, Sample, Fox, Albano, et al., 2019). FTW
plants are not rooted in sediment, but rather allow roots to grow directly into the water
column providing direct interaction with nutrients in the surrounding water column
(Tanner & Headley, 2011). Similarly, the more exposed root systems serve as particulate
matter catchments (Borne, 2014). Specifically, Garcia Chance and team found removals
of TN and TP at 0.31 mg L-1 day-1 and 0.34 mg L-1 day -1, respectively (Garcia Chance et
al., 2019).
1.7

Plant Uptake

Nitrogen species are efficiently taken up by wetland plants and contained in leaves and
root systems (di Luca et al., 2019 ; Figure 1.2). However, both phosphorus and nitrogen
are released back into the water column when nutrient holding biomass decays (Zhou &
Wang, 2010). One study found plant uptake to be a primary removal path for NO3- using
wetland microphyte species (Cyperus alternifolius L., Typha angustifolia L., Lythrum
13

salicaria L., and Acorus calamus L) (Tong et al., 2019). However, plants to do not
removal nitrogen permanately from the system(Messer et al., 2017). FTWs provide an
advantage over traditionally constructed wetlands in providing exposed root groups with
high surface areas for water column interaction (Vymazal, 2007). Water column
interaction is important when treating nitrate as it being negatively charged allows for
free movement and avoidance of immobilization within soil (William J. Mitsch & James
G. Gosselink, 2015).
1.8

Nitrogen Removal

Excess nitrogen in ecosystems leads to unwanted consequences such as eutrophication
when levels rise too high and/or phosphorus/nitrogen ratios become unbalanced (Tang et
al., 2020). Within wetlands, microorganisms constitute the most important forms of
nitrogen removal (Tang et al., 2020). Inorganic nitrogen species (NO3-, NO2-, NH4+)
within wetland systems are mainly removed through the processes of microbial
denitrification and plant uptake (Wang et al., 2019; Figure 1.2). However, plants have
been found to have a lower impact on overall nitrogen removal than microbial activity
with 8.3% of the total removal coming from direct plant absorption (Cui et al., 2019).
Instead, the majority of permanent nitrogen removal is completed by facultative
microorganisms, predominately through the nitrification-denitrification (NDN) process,
which includes the oxidation of ammonia into nitrite and nitrate followed by
denitrification to N2 and trace N2O by o bacteria (Tang et al., 2020; Figure 1.2).
Denitrification specifically is preferred within a nitrate rich system as denitrification
permanently removes nitrogen from the system (Mitsch and Gosselink, 2015). More
recently, the nitrogen process called anaerobic ammonium oxidation (ANAMMOX) has
also been observed to occur in wetland systems by transforming ammonia to N2 during
the absence of oxygen, similar to denitrification (Tang et al., 2020). Further, another
major removal pathway branching from these oxidation processes is complete autotrophic
nitrogen-removal over nitrite (CANON), which includes microbes transforming
ammonium within NDN and ANAMMOX processes to dinitrogen gas (Third et al.,
2001). However, variability in removal pathways remains an important consideration
particularly as varying mixtures of emerging contaminants, such as nanopesticides, enter
these systems.
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Figure 1.2 Aerobic and anaerobic nitrogen cycle steps within wetlands
N processes are highly dependent on soil characteristics. For example, coarse soil
textures with lower water-holding capacities are more likely to lose inorganic N through
leaching(Fernandez & Kaiser, 2021). Further, N loss through volatilization often
increases with increased soil pH (>7) and moisture (Fernandez & Kaiser, 2021).

1.9

Current Gaps in Knowledge

Nanopesticides have begun to be studied but no conclusions can yet be made as to their
total environmental impact; however, it is seen as imperative to discovering their levels
of benefit and risk to the environment (Z. Xu et al., 2022). Nanopesticide persistence
within the environment lends itself to increased possibilities to interact with non-target
organisms (Z. Xu et al., 2022). We do not know though the full extent of the risk
nanopesticides pose to these non-target organisms, such as those responsible for
microbial nitrogen processes (Z. Xu et al., 2022). Nanopesticides also pose complex and
varied fate and behavior as compared to traditional counterparts which is not yet fully
understood and may induce different reactions within metabolites (Villaverde et al.,
2018). Overall, mechanisms and fate of nanopesticides represent a gap within the current
knowledge and must be remedied before any proper conclusions can be made (Kah &
Hofmann, 2014).
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1.10 Research Objectives and Goals
Nanopesticides are a novel development within the agricultural sector with many positive
implications. However, more testing is necessary before determinations can be made with
utter certainty as to the fate and transport in agroecosystems and downstream aquatic
environments. Therefore, the research conducted in this thesis evaluated nanopesticides
applied to wetland sediments and agricultural soils within controlled environments with a
goal of providing a better understanding of pesticide movement, particle breakdown, and
nitrification/denitrification influence. Research objectives for this Master’s thesis
included a microcosm experiment to:
1. Assess microbial alterations from nanopesticide insecticide exposure in an
agricultural soil and wetland soil from central Kentucky.
2. Determine implications of varying nanopesticide application and recurrance rates
on nitrification / denitrification rates in an agricultural soil and wetland soil from
central Kentucky.
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CHAPTER 2. MATERIALS AND METHODS
The experiments performed for this study were primarily conducted at the University of
Nebraska-Lincoln affiliated USDA-ARS station in Lincoln, Nebraska. The work was
conducted to evaluate nanopesticide influence on microbial activity, specifically
nitrification and denitrification. The study involved four experiments to evaluate two
soils (agricultural soil and wetland soil from central Kentucky), two nitrogen processes
(nitrification and denitrification), and overall nitrogen movement (leachate). The
experiments lasted approximately 12-months from 2021 to 2022.

2.1

Soil Collection and Preparation

Initial agricultural and wetland soil samples were excavated from the University of
Kentucky North Farms (Lexington, KY) and placed in 70 L cooler with ice packs for
shipping. Soil sites were chosen for availability and the proximity between the two
locations. Close proximity indicates similar weather and overall climate for both soils and
ensures proper evaluation of two soil types within the same region. Soil evaluation was
conducted at University of Kentucky Regulatory Services Laboratory (Lexington, KY)
for 3 samples of both agricultural and wetland soils, minerals extracted using Mechlich
III. Coordinates for agricultural soil sampling site are approximately 38.104908N, 84.488624 W. Coordinates for wetland soil sampling site are approximately 38.123372
N, -84.496477 W.
The Kentucky agricultural soil results showed a silt-loam texture and an average soil pH
(1 M KCl) value of 5.3, soil water pH value of 6.2, phosphorus value of 290 lbs/acre,
potassium value of 965 lbs/acre, calcium value of 4180 lbs/acre, organic matter
percentage of 7, and a total nitrogen percentage of 0.4.
The Kentucky wetland soil results had a loam texture (37.35% sand, 48.23% silt and
14.42% clay), 9.91% organic matter, a soil pH value of 7.02 and a soil-water pH of 7.73.
Other nutrient values included 106 lbs/a P, 166 lbs/a K, 16061 lbs/a Ca, 300 lbs/a Mg and
5.2 lbs/a Zn, organic matter percentage of 9.91, and a total nitrogen percentage of 0.207.
Both soils have no history of nanopesticide or Kocide additions, so no residuals should be
expected from past applications.
Soil was sieved into collection bucket through a 4 mm sieve followed by a 2 mm sieve to
create a homogeneous soil mixture. Sieved soil was then consolidated equally from each
collection bucket into four 1-gallon Ziplock bags, with a final weight of approximately
225 g (Figure 2.1).
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Figure 2.1 Weighing of sieved Kentucky agricultural soil for experimentation
construction

2.2

Soil Columns Experiments

Nanopesticide (Kocide) concentrations were determined based on recommended
application rates of 1 year (1X). Kocide concentrations were 0X (0mg/L solution), 1X
(0.64mg/L solution), 5X (3.2 mg/L solution) and 15X (9.6 mg/L solution). 15X
application rates represented a 15-year application load, but was necessary to help
determine implications of residual loadings as well as possible yearly overloading of field
applications. The larger application rates show possible outcomes and a worst-case
scenario for reference to the actual recommended dosage. These rates were used for
wetland soil experiments as well as the agricultural experiments due again to identify
extreme cases of runoff or accidental application. Runoff from equipment cleaning
stations into collection wetlands could also provide similar concentrations under extreme
circumstances.
For agricultural soil, 50 g of sieved soil was weighed in 12 replications for soil column
construction. The soil was funneled into a modified syringe with the bottom covered by a
filter to avoid spillage (Figure 2.2). The modified syringe was placed on top of a cup, to
remain upright, and the whole assembly was placed in a large mason jar. A plunger was
used to compress the 50 g of soil to the desired soil density (1.25 g/cm3). Kocide was
diluted into artificial groundwater at desired concentrations (0, 0.64, 3.2 and 9.6 mg/L).
Concentrations of nanopesticide were based off the recommended application rate for
row crops (5 lb/acre) and correlated with the application variances of 0X, 1X, 5X, and
18

15X the recommended dosages. After the desired soil density was reached, 30 mL of
artificial groundwater was added to the columns to simulate rainfall. The columns were
placed over the top of 50 mL vials to collect leached water for at least 1 hour. Leachate
was then collected for analysis of NO3-N and NO2-N.
Wetland soil columns were constructed without the use of sieving. The wetland soil was
too dense to reasonably sieve and thus was simply separated from roots and large debris
before being used for columns. After separation, 25g of wet wetland soil was added to the
columns. These columns were constructed within bottles as opposed to syringes to enable
easy collection of water residing on soil surface. Rather than a leachate sampling, the
wetland soil was exposed to artificial groundwater and the runoff was collected and
sampled. At weeks 0, 5, and 10 artificial groundwater was added at 20 mL per column
and contained 100 mg Br/L, 442 mg NO3/L, and the desired dosage of Kocide (0, 0.64,
3.2 and 9.6 mg/L). During all other weeks (1, 2, 3, 4, 6, 7, 8, and 9) artificial groundwater
was added but without bromide, nitrate, or Kocide.
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Figure 2.2 (top left) Soil column before soil additions, (top right) Soil columns before
artificial rainwater application, (bottom left) Additions of artificial rainwater and Kocide
to soil columns, (bottom right) Soil columns after additions of artificial rainwater and
Kocide

2.3

Short-Term Nitrification Microcosm Experiments [Both]

For both agricultural and wetland soils, four treatments (Kocide applications of 0X, 1X,
5X, and 15X recommended dosages) with three replicates were created in 100 mL vials,
three with soil (S) and one control with no soil (C) to assess short-term nitrification
implications following Kocide exposure (Figure 2.3). The three soil vials contained 5 g of
sieved soil. 50 mL of a nitrification buffer, which was 1mM KHPO4 at pH 7.5, was added
to each vial using a 1 mL pipette followed by the addition of 1 mL of 0.1 M (NH4)2SO4.
The vials were then well mixed by hand for 2 minutes. 1 mL of 0.5 m KClO3 was then
added to each vial. Afterwards, initial samples of 1 mL were taken using a pipette from
each treatment and replication. Samples were labeled based on sample type and time of
sampling (S1-0, S2-0, etc.). Samples were placed on a shaker table and set to the low
setting. Samples from each vial on the shaker were collected every 2 hrs for a total of 6
hrs and placed in a freezer at -30 °C until analysis. Following the completion of the initial
experiment NO3-N and NO2-N tests were completed by adding 1 mL of sample onto a N
test strip (Hach, Loveland, CO)(Figure 2.4).
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Figure 2.3 (left) Figure 5. Short-term agricultural soil nitrification testing jars, labeled;
(right) Nitrification testing jars on shaker table

Figure 2.4 (left) Initial nitrite and nitrate testing using strips; (left) Dissolved Kocide used
for application.
15 total jars were used for nitrification for the agricultural soil Kocide applications. Three
applications of Kocide at four concentrations (Table 2.1) were added to the jars
containing soils as well as 3 blank applications. Sampling times varied and ranged
between 0 and 58 hrs with at least 5 sampling times per application run (Table 2.2; Figure
2.5). Nitrite-nitrification potential was determined using a spectrophotometric method
utilizing a modified Griess assay (Bundy and. Meisinger, 1994). In summary, the samples
were mixed with both diazotizing and coupling reagents to then measure absorbance
levels at 540 nm.

Table 2.1 Kocide application rates per soil incubation for nitrification
Soil Type
Kocide Application Rates
Agricultural Soil

0X, 1X, 5X, 15X

Wetland Soil

0X, 1X, 5X, 15X

Table 2.2 Sampling time for nitrification testing by week
Application
Week
Sampling Time (hrs)
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1

0

0, 3, 6, 24, 30

2

5

0, 2, 4, 22, 26, 47

3

10

0, 2, 4, 22, 28, 46, 52

Figure 2.5 (left) Example of plate layout for nitrification reading; (right) Reagents for
preparing nitrification testing plates

2.4

Short-Term Denitrification Microcosm Experiments [Both]

Denitrification incubations for both soil types were conducted using 10 g of wet soil
either from the original sample (week 0) or subsequent columns (weeks 5 and 10) (Figure
2.7). Incubations were conducted using a mixture of 100 mL of 1 mM potassium
phosphate buffer (pH 7), 1 mM potassium nitrate, 0.5 g/L chloramphenicol, 5 mM
glucose 5g soil and appropriate Kocide amounts (Table 2.3). Samples were labeled C[13]D for the controls and S[1-3]D for the soil samples.
Table 2.3 Kocide application rates per soil incubation for denitrification
Soil Type
Kocide Application Rates
Agricultural Soil

0X, 1X, 5X, 15X

Wetland Soil

0X, 1X, 5X, 15X

A 3 mL syringe was used to extract 1 to 1½ mL of liquid from each jar and added to
sample vials to be stored in a freezer at -26 to -29°C until analysis. The syringe was
plunged through the rubber stopper over the mouth of each jar. The needle and syringe
were changed for each treatment. After sampling, each jar cap was sterilized with ethanol
and the headspace was refilled with helium gas. All samples were then added to a clap
plate and screwed into a slot on a rotating axel. This axel allowed for constant rotation of
samples and kept at a constant temperature room of 22 °C.
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Figure 2.6 (top left) Preparation of agricultural soil denitrification vials; (top right)
Evacuation of headspace for denitrification vials; (middle left) Denitrification testing
setup including clap plates, sampling syringes and samples (middle right) Denitrification
sampling of vials within clap plate; (bottom) Rotating axel and clap plate used for
denitrification testing.
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When adding Kocide, 12 total jars were used for denitrification with triplicates at the four
Kocide concentrations. Kocide concentrations used were related to the recommended
application rate of 1 year (1X). The values of each of the 4 runs were 0X (0mg/L
solution), 1X (0.64mg/L solution), 5X (3.2 mg/L solution) and 15X (9.6 mg/L solution).
Samplings were taken at varying time similar to nitrification experiments (Figure 2.6).
Samples values were obtained through ion chromatography testing.
Table 2.4 Sampling time for denitrification testing by week
Application
Week
Sampling Time (hrs)
Denitrification 1

0

0, 2, 4, 6, 22, 26, 30, 49, 54

Denitrification 2

5

0, 2, 4, 23, 29, 58

Denitrification 3

10

0, 2, 5, 23, 29, 47, 53

2.5

Rate Calculations

To account for N accumulation or loss during testing weeks, concentration data was
converted to overall denitrification / nitrification rates for the experiment using Equation
1.
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

∆ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∆ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
−
� ∗ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀∗𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑

�

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Equation 1

Where, average control rates were subtracted from the average nitrification and
denitrification rates observed in treatments. Average rates (ug-N/day/g-soil) were
calculated using volume of experimental containers, molar masses, and measured
concentrations (mg/L). Average replicant treatments were determined using average
nitrification or denitrification rates from all sample times for an individual sample with
the exclusion of the first and last sample times due to limited mixing.
2.6

Statistical Analysis

Data were analyzed using a linear mixed-effects model to analyze effects of
nanopesticide concentrations (control 1X, 5X and 15X), application recurrence, and time
of nitrification and denitrification processes. Data was normalized using log
transformation when needed. Variables included N species concentrations (NO3-N, NO2N, N2), nanopesticide concentrations, and time. ANOVA with Tukey analyses were
conducted with Minitab 21 to determine significant differences (α = 0.05).
Further ANOVA and Tukey studentized analyses were conducted using SAS 9.4 to
determine significant differences (α = 0.05). Specifically, SAS was used to compare
Kocide treatments and weeks with nitrification and denitrification rates as opposed to
24

concentrations. This process was also used to make long-term comparisons between
nitrogen concentrations and weeks of inoculation.
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CHAPTER 3. RESULTS & DISCUSSION
3.1

Effects of Nanopesticide Exposures on Nitrification Within Agricultural Soils

Figure 3.1: Potential Nitrification for Agricultural Soil after Kocide Additions. Shows
changes in N production over that period. Determined by nitrite accumulation
The greatest nitrite production changes all occurred within the initial incubation period
(Figure 3.1). Each week shows data from a new incubation. The subsequent periods show
lower levels of N production. This lowering of rates occurred within every replication,
including the control samples. This indicates an inhibition of nitrification over time but
shows no indication as to Kocide additions having any impact. Variance analysis was
hindered by a lack of replicates for each application.
3.2

Effects of Nanopesticide Exposures on Denitrification Within Agricultural Soils

For denitrification potential responses to Kocide additions, differences can be observed
but no clear patterns emerge (Figure 3.2). These differences varied greatly between
treatments and time. The results may be attributed to lower amounts of replicates as
opposed to the wetland soil experiments. Negative bars are higher rate denitrification
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Figure 3.2: Potential Nitrification for Agricultural Soil after Kocide Additions. Shows
change in N production over sampled period.

3.3

Effects of Nanopesticide Exposures on Nitrogen Loss Through Leachate of
Agricultural Soil

Leachate data was collected and analyzed for ions including nitrate and bromide.
Bromide served as a conservative ion meaning it is relatively unreactive. Comparing
these two ions elucidated gains or losses over time in the soil.
Although both ions decreased over time after initial inoculation within each period, nitrite
decreased at a more rapid rate (Figure 3.5). When nitrate and bromide data are separated,
nitrate values begin with much higher values and again decrease at a much more rapid
pace than bromide ions (Figures 3.3 & 3.4). It can therefore be concluded that nitrate is
decreasing faster that bromide ions, indicating a greater rate of loss.
When comparing the two inoculation periods, the second inoculation resulted in a larger
loss if nitrate as compared to conservative ions. This may indicate Kocide influences over
the long-term, but trends overall were inconclusive. The leachate experiment requires
increased replications for comparison in future experiments.
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Figure 3.3. Graph showing nitrate load per liter of runoff for each Kocide treatment
within agricultural soil.

Figure 3.4. Graph showing bromide load per liter of runoff for each Kocide treatment
within agricultural soil.
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a.

b.
Figure 3.5. Graphs showing ratio of nitrate and bromide ions within agricultural soil
columns over time for a. the first inoculation of Kocide after week 0, and b. the second
inoculation of Kocide after week 5

3.4

Effects of Nanopesticide Exposures on Nitrogen Loss Through Runoff of Wetland
Soil

Runoff data was collected for the wetland soil rather than leachate due to the density of
the soil texture. Bromide served as a conservative ion meaning it is relatively unreactive.
Comparing these two ions gave an indication as to gains or loss over time in the soil.
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For Nitrate, a similar result occurred with nitrate levels having the largest decline within
one week post inoculation (Figure 3.6). However, decreased at a much more rapid rate
with both periods reaching near zero levels within one week of inoculation. This
indicated, when compared to the bromide changes nitrate was decreasing at a much
quicker rate. Similar results were observed in the control indicating Kocide influence
over the long-term, but trends overall were inconclusive.

Figure 3.6. Graph showing nitrate load per liter of runoff for each Kocide treatment
within wetland soil. Error bars represent standard deviation. Top bar represents initial
inoculation level.
For bromide, the two inoculations (weeks 1 and 5) followed a similar path in that all
treatments that included Kocide additions showed a steep decline in bromide presence
after one week post inoculation (Figure 3.7). The bromide levels, however, never fully
reached zero within the time of the experiment.
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Figure 3.7. Graph showing bromide load per liter of runoff for each Kocide treatment
within wetland soil. Error bars represent standard deviation. Top bar represents initial
inoculation level.

3.5

Effects of Nanopesticide Exposures on Nitrification Within Wetland Soils

Significant differences were observed in NO2-N concentrations between time points with
concentrations increasing through time in the Kentucky wetland soil (α = 0.05) for the
nitrification experiment. Significant differences were also observed in Week 0 for NO2N concentrations and sampling times (α = 0.05). Specifically, significant differences were
observed in NO2-N concentrations between Kocide applications at the time intervals
between 60 hr and 30 hr sampling events, 22 hr and 6 hr sampling events, 6 hr and 2 hr
sampling events, and 4 hr and 0 hr sampling events following Kocide inoculation (α =
0.05). Significant differences in NO2-N concentrations were also observed between
Kocide treatments (α = 0.05; Figure 3.8) between 15X and 5X, 1X and 0X, and 5X and
0X, with higher nitrification occurring with increased Kocide concentrations.
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a.

b.
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c.
Figure 3.8. Results from Kentucky wetland soil nitrification testing in nitrite-N versus
time for a. Week 0, b. Week 5, and c. Week 10. Lines show best fit from data points
collected for each Kocide application rate (0X, 1X, 5X, 15X). Bars indicate standard
deviations.
During Week 5, significant differences for NO2-N concentrations were observed between
sampling times, but not Kocide treatments (α = 0.05). Specifically, Tukey differences
were observed between 2, 4, and 23 hrs sampling events (Figure 3.1b). The general trend
indicated increased NO2-N concentrations through time.
Significant differences between NO2-N concentrations were also detected during Week
10 for both sampling time (p-value = 0.042) and Kocide application (p-value < 0.001).
Significant differences were observed after 47, 29, 23 hr, 5 hr, and 2 hrs. Further, every
sampling period was significantly different from the previous up to 47 hr (α = 0.05).
Significant differences were also observed in NO2-N concentrations between Kocide
treatments, with significant differences between every Kocide application (0X, 1X, 5X,
and 15X) during Week 10, with overall lower NO2-N concentrations correlated with
increased Kocide applications. However, an exception was observed between 0X and 1X
with higher NO2-N concentrations being observed in the 1X treatment, but not being
statistically significant.
This data provided insight as to implications of nanopesticide applications on nitrification
over the short and long-term within wetland soils. Although nitrification inhibition
followed a similar pattern to denitrification over the long-term, the process was
heightened by the nanopesticide application over the short-term. This may have occurred
because of short-term changes in microbial taxa or introduction of additional available
nutrients but must be further investigated before definitive conclusions can be made.
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3.6

Effects of Nanopesticide Exposures on Denitrification Within Wetland Soils

Overall, there was a general trend of NO3-N reduction in all treatments through time
(Figure 3.9). NO3-N concentrations did not exhibit significant differences between
Kocide treatments or sampling over time (hrs) during week 5 of the denitrification
experiment (α = 0.05). However, significant differences were observed for both time and
Kocide applications were observed within weeks 0 and 10 (α = 0.05). Significant
differences for time sampled (hours after start) within the first three sampling times (0, 3
and 6 hrs) and the last two (24 and 30 hrs) were also observed (α = 0.05) along with
significant differences between the control group (0X application) and Kocide
applications (1X, 5X and 15X) (α = 0.05).

a.

b.
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c.
Figure 3.9. Results from Kentucky wetland soil denitrification testing in nitrate-N versus
time a. Week 0, b. Week 5, and c. Week 10. Lines show best fit from data points
collected for each Kocide application rate (0X, 1X, 5X, 15X). Bars indicate standard
deviations.
Significant differences in NO3-N removal corresponded with both time following Kocide
applications and Kocide application rates for the Kentucky wetland soil (α = 0.05). NO3N concentrations were significantly lower following the sampling period at 24 hrs and
onward (α = 0.05). Significant differences in NO3-N concentrations were also observed
between Kocide application rates with generally higher Kocide application rates resulting
in reduced denitrification (α = 0.05). However, during week 0, the 1X treatment generally
led to reduced NO3-N removal compared to the 5X application but was not significantly
different from either the 15X or 5X application rates. All NO3-N concentrations were
significantly higher compared to the control (0X). Therefore, Kocide application rates did
have a significant impact on denitrification with generally lower concentrations
corresponding with higher pesticide application. However, during Week 5 the
denitrification wetland soil incubation had no significant differences between Kocide
treatments or time (α = 0.05).
During the Week 10 significant differences in denitrification in the wetland soil
incubations were observed between sampling times (p-value = 0.046) and Kocide
treatments (p-value < 0.001). Significant differences were also observed between
sampling time with Tukey groups including A (0, 2 and 4 hrs), B (21.75 and 27.75 hrs)
and C (45.75 and 51.75 hrs). Further, significant differences were observed between
Kocide treatments separating 0X and 1X from 5X and 15X with Tukey tests.
Overall, nanopesticide additions significantly influenced both time after application and
treatment amount. Denitrification sediment incubation experiments had significantly
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lower NO3-N concentrations as time progressed for both weeks 0 and 10 of sampling (α =
0.05). Significantly higher NO3-N concentrations were observed between Kocide
applications in both weeks 0 and 10 (α = 0.05). However, Week 10 had significantly
higher NO3-N concentrations for 5X and 15X Kocide applications (α = 0.05) compared to
the 0X and 1X applications (α = 0.05).
Similar results have also been observed in other pesticide studies. For example, a soil
study conducted using the pesticide chlorothalonil reported the pesticide addition (5 and
25 micrograms/g at 30-day intervals over 105 days) inhibited soil denitrification (50-56%
decline)(Su et al., 2019). Although conducted with a different pesticide group, these
results correlate to similar findings of this study. Another study conducted using
chlorothalonil (5, 10 and 25 micrograms/g) found pesticide application to sediment
resulted in a decline in denitrification rates (37-62%) over a 48-hour period as opposed to
controls (Y. Chen et al., 2019). It was concluded pesticide presence deteriorated soil and
microbial community health and inhibited microbial metabolism during denitrification,
specifically electron donors (NADH) and energy source (ATP) levels (Y. Chen et al.,
2019). However, results from this study show less initial short-term decreases in
denitrification rates compared to chlorothalonil, but further research using various soil
types and soil histories (e.g., agriculture, nature preserve, urban) is needed before
definitive conclusions can be made. Another study investigating copper-oxide
nanoparticles (500 mg/kg) observed denitrification was inhibited leading to an 11X
higher amount of NO3-N present and lowering N2O emission rates by up to 24% (Zhao et
al., 2020). This study also observed decreases in nitrate reductase (21-42%) and nitric
oxide reductase (10-16%) as well as activity in the electron transport system (Zhao et al.,
2020).
While investigating silver nanopesticides within wetland mesocosms, Yuan et al. (2018)
concluded the increase in silver nanopesticides resulted in increased oxidative stress and
the synthesis of antioxidant enzymes to assist the wetland plant survival (Yuan et al.,
2018). While this study was more focused on interactions between plants and
microorganisms within a wetland environment than strictly microorganisms and wetland
soil, these observations followed a similar pattern as observed in our study with the
increase of nanopesticide presence creating a more stressful environment for
microorganisms.
Simonin and team conducted a mesocosm level study using both gold and copper
nanopesticides and observed intensified eutrophication when nanopesticides were added
to nutrient rich replications (Simonin et al., 2018). Again, while focusing on the
interactions between plants and wetland environments, Simonin and team reported
declines in macrophyte growth (52%) and primary productivity (92%) (Simonin, Colman,
Anderson, et al., 2018). Attributions for these declines were hypothesized to be due to
limited water clarity, but the connection between nanopesticide additions and decreases
in productivity are clear.
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Ward and team conducted a mesocosm level study focusing on silver nanoparticles and
observed alterations within microbial communities and decreases in diversity with
increases in nanoparticles (Ward et al., 2019). While investigating the impact to
microbial communities between pulse (450 mg) and chronic (weekly 8.7 mg for year)
exposures, Ward and team found larger pesticide loads in the short term decreased
microbial taxa within mesocosms receiving pulse treatments compared to the chronic
exposures. However, long term changes were still observed in both compared to the
controls that received no nanoparticle enrichments (Ward et al., 2019). These findings are
like those observed within this study in how microbial communities were negatively
affected by nanoparticle exposure, but also adhere to a need for further investigation on
differences within Kocide application timing.

3.7

Long-Term Effects of Repeated Applications of Nanopesticides to Nitrogen
Processes Within Wetland Soils

Nitrification wetland soil concentration data was converted to overall normalized
nitrification rates. Nitrification rates had significantly higher values between treatments
through time (Pr>F = 0.0125; Figure 3.10). Tukey tests were also conducted on this data
and showed differences throughout (α = 0.05). Specifically, significant differences were
observed between the rates of 15X and 1X as well as between 15X and 0X. Differences
were numerically at least 7 ug-N/day/g-soil (between 15X and 5X) with lower values
correlating with higher Kocide application rates. However, all nitrification rates did
increase from previous sampling periods. The overall rates for nitrification can also be
seen to be much lower than those of denitrification.
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Figure 3.10 Nitrification rates within wetland soil over time (0, 5 and 10 weeks) and
treatment (0X, 1X, 5X, and 15X). Error bars represent standard deviations. Letters
represent Tukey test groupings over all rates (α = 0.05).
Denitrification within wetland soil concentration data was also converted to overall
normalized denitrification rates. ANOVA and Tukey tests (α = 0.05) were conducted and
showed differences between the 15X Kocide within week 0 and 1X Kocide in week 10.
However, one difference to note was only over the long term (10 weeks) increased
Kocide additions correlate to lower NO3-N concentrations. A lack of suitable tested
hypotheses on this finding emphasizes the need for more studies to be conducted on
nanopesticide influence on denitrification.
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Figure 3.11 Denitrification within wetland soil rates over time (0, 5 and 10 weeks) and
treatment (0X, 1X, 5X, and 15X). Rates represent loss of nitrate in short term
incubations. Error bars represent standard deviations. Letters represent Tukey test
groupings over all rates (α = 0.05).
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CHAPTER 4. CONCLUSIONS
Overall, a general trend of lower microbial activity within at least wetland soils
corresponded to higher Kocide treatment levels in this study. Nitrification within wetland
soils was initially heightened but was inhibited over the long-term. Denitrification within
wetland soils was inhibited throughout. Findings corresponded with previous studies on
other nanopesticides concerning denitrification. However, specific mechanisms for this
shift remain unknown. Further research is needed to definitively examine how
nanopesticides specifically inhibit N processes within both agricultural and wetland soils
for both nitrification and denitrification and the influence copper-based nanopesticides
incite upon them. Specifically, research is needed to determine mechanisms altered as
part of the nitrification process and more replications are needed for complete
conclusions on agricultural soil influence. Findings from this project provide scientists
and manufacturers information on the implications of copper-oxide nanopesticides usage
to the soil microbial communities and the N process in downstream wetland
environments and help begin to fill the gap within the literature.
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APPENDIX

Figure 1. Boxplot of means for Kocide application comparison of natural log transformed
nitrification rates
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Figure 2. Boxplot of means for Kocide application comparisons of denitrification rates

Figure 3. Boxplot of means for week comparisons of nitrification rates
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Figure 4. Boxplot of means for week comparisons of nitrate-N concentrations

Figure 5. Boxplot of means for week comparisons of denitrification rate
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Figure 6. Program code used for statistical analysis within SAS
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